Abstract
Introduction
Soil carbon (C) storage in alpine areas can be substantial (Ͼ25 kg m ‫2מ‬ ), and this stored C may be particularly vulnerable to climate change given the cold climate and the fact that climate change is likely to be drastic in many alpine systems (Garcia-Pausas et al., 2007) . Climatic warming in European mountain regions is far stronger than anywhere else (IPCC, 2007; Beniston, 2006; Auer et al., 2007; Rebetez and Reinhard, 2008) , and according to Nogués-Bravo et al. (2007) climate warming by 2085 will range between 2.9 and 5.4 ЊC in low-latitude European mountains. In addition to changes in warming, there are also predictions for important changes in precipitation within mountain ranges with increased drought predicted in parts of the Pyrenees (Lopez-Moreno et al., 2008) . Such changes have direct implications for ecosystem C storage since water deficit (Holst et al., 2008) and low temperatures are well known to limit microbial activity (Lloyd and Taylor, 1994) . It is therefore likely that the responses of the ecosystem C storage to increased levels of drought in alpine ecosystems will be driven on one hand by decreased microbial activity and hence lower rates of decomposition of soil organic matter due to moisture deficit; and on the other hand by increased microbial activity and decomposition rates due to elevated temperature (Lloyd and Taylor, 1994; Sjögersten and Wookey, 2002a) . Methane oxidation by high-affinity methanotrophic bacteria in mesic to dry soils is an important sink of atmospheric methane (Bodelier and Laanbroek, 2004) . The main constraint of methane oxidation is soil moisture, since water-filled pores act as a diffusivity barrier (Smith et al., 2000; Saari et al., 2004a) : Very dry soil conditions, however, may limit microbial activity (Bodelier and Laanbroek, 2004) . In addition, elevated temperature can increase methane oxidation rates but to a lesser extent than soil moisture SOFIE SJÖ GERSTEN ET AL. / 239 ᭧ 2012 Regents of the University of Colorado 1523-0430/6 $7.00 (Saari et al., 2004a) . Overall methane oxidation is a less temperature sensitive process than soil respiration (Smith et al., 2000; Saari et al., 2004a; Holst et al., 2008) . However, methane oxidation in alpine soils has been shown to be stimulated by climate warming and may provide a negative feedback on climate change (Sjögersten and Wookey, 2002b ).
An important feature of alpine areas is that they are often grazed by large herbivores which have been shown to impact ecosystem C storage (Schuman et al., 1999; Ganjegunte et al., 2005) and fluxes (Stark et al., 2002; Welker et al., 2004) . For example, moderate grazing tends to stimulate photosynthetic activity due to the stimulation of tillering in grazing-tolerant species (LeCain et al., 2002) . Grazing has also been found to increase soil respiration rates (Stark et al., 2002) and impact C dynamics through its effects on plant species composition through selective foraging and trampling (Sebastià et al., 2008a; Olofsson et al., 2009) . Herbivoredriven changes in species composition has been shown to alter litter quantity and quality resulting in enhanced decomposition rates (Bardgett et al., 1998; Olofsson and Oksanen, 2002) , which may influence soil C storage in alpine ecosystems (Garcia-Pausas et al., 2007) .
To explore the relative importance of changes in soil moisture and temperature, and interactions between climate warming and grazing regimes in mountain areas, we chose a grazed subalpine grassland in the southeastern Pyrenees as our study system. This area has been grazed over millennia and has seen a recent shift from sheep to cattle grazing which has had clear impacts on the vegetation composition (Sebastià et al., 2008a) . Furthermore, the region is predicted to experience a 4-5 ЊC increase in temperature and a minimum precipitation decrease of 30% during summer under the A2 IPCC scenario predictions (Lopez-Moreno et al., 2008) .
The aim of this paper is to test the hypothesis that across two areas under differing grazing systems (cattle and sheep grazed) C fluxes do not differ in their response to changes in temperature and moisture conditions. Hence, first we quantified net ecosystem exchange of carbon (NEE), ecosystem respiration (R e ), and gross ecosystem photosynthesis (GEP) in the field, together with plant biomass and soil chemical properties in alpine grasslands. Second, we carried out incubations of soil turf samples from the cattle-and sheep-grazed areas under two temperature and three moisture levels reflecting the climate change predictions for the region and the current range of soil moisture conditions.
Methods

FIELD SITES AND SAMPLING
The field sites were in a subalpine grassland in the eastern part of the Spanish Pyrenees (42Њ18′N and 2Њ02′E), at 1900-2000 m a.s.l. The mean annual and summer temperature in the area is 6.5 and 14.6 ЊC, respectively, whilst the mean annual and summer precipitation is 1194.4 and 296.0 mm, respectively (Ninyerola et al., 2000) . Traditionally, these grasslands were mainly grazed by sheep but change in livestock type has occurred in part of the study area within the last 10 years, shifting from sheep to cattle grazing. The vegetation in both cattle and sheep grazed areas was grass dominated, with Festuca nigrescens as the main species, accompanied by Agrostis capillaris, Avenula pratensis, Koeleria macrantha, and Poa pratensis. In sheep-grazed areas, vegetation was enriched by Deschampsia flexuosa, Poa bulbosa, and particularly Nardus stricta, which was the dominant species locally (Sebastià et al., 2008a) . Other graminoids were also common, such as Carex and Luzula species. Similar legume and non-legume forb species (Lotus corniculatus, Trifolium pratense, Myosotis sylvatica, and Ranunculus montanum) were found in both cattle-and sheep-grazed plots, in different proportions, as found by Sebastià et al. (2008a) . For a detailed description of vegetation, plant diversity, and soil at these grassland sites, see Sebastià (2004) and Sebastià and Puig (2008) .
To assess the impact of the dominant herbivore, i.e. cattle vs. sheep grazing, we established plots on either side of fence lines separating the cattle-from the sheep-grazed areas, resulting in a set of plots in two distinct areas hereafter referred to as cattle-and sheep-grazed areas, respectively. The plots were distributed over a 3 km ‫ן‬ 1 km area with a minimum distance between plots of 70 m. For the study plots, we chose relatively flat areas (to avoid areas strongly affected by erosion) covered by mesic grassland communities and used plant species composition to aid with the plot selection, avoiding sites with species indicating xeric conditions, including Helianthemum nummularium and Globularia cordifolia (see Sebastià, 2004) . The reason for this was to reduce confounding effects arising from variation in soil moisture content.
The experimental setup does not allow for a full separation of edaphic influences from changes in the dominant herbivore over the last 10 years. Hence the results should be interpreted mainly as an indication of the overall variation in C fluxes across grazed subalpine landscapes; however, it is clear that the recent shifts in dominant herbivore has impacted the species composition of the vegetation at these sites (Sebastià et al., 2008a) .
From these sites we collected data on standing biomass, soil chemistry, and CO 2 efflux on two occasions, once in June (preced-240 / ARCTIC, ANTARCTIC, AND ALPINE RESEARCH ing maximum biomass usually reached in July) and then again in October (onset of autumn) in 2008. In June we selected three plots from each of the two areas (i.e. six plots in total) and carried out measurements in three 0.5 ‫ן‬ 0.5 m subplots (selected randomly) within each plot for the CO 2 flux measurement and four subplots for the vegetation analysis. The data from each subplot were subsequently averaged to the plot level and the plot average was then used for all data analysis (i.e., n ‫ס‬ 3 in each of the sheep-and cattle-grazed areas).
In October we extended the sampling scheme to nine plots in each of the cattle-and sheep-grazed areas (i.e., total number of plots were 18), the three plots sampled previously in June in each area were included in the expanded sampling scheme. This allowed us to capture a greater amount of the natural variability in biomass and C fluxes in the two areas. In addition to repeating the measurements carried out in June we collected turf samples of soil and vegetation for a laboratory incubation experiment (see below).
SOIL CHEMISTRY
Using a stainless steel corer, soil samples (5 ‫ן‬ 5 cm) were collected from three randomly selected subplots (different from those used for the CO 2 flux measurements) from each of the plots in June. The soils were separated into 0-10 cm and 10-20 cm layers in the field. In the laboratory, the fresh soil samples, both from 0-10 cm and from 10-20 cm, were separately sieved to 2 mm to remove gravel and roots. The sieved soil was oven dried at 60 ЊC until a constant weight was reached. Soil pH was measured using a potentiometer in a 1:2.5 soil:water ratio. Soil organic matter content (using the Walkley-Black method) was obtained from potentiometrical titration. The total C and N concentration was analyzed with a Carlo Erba elemental analyzer. The extractable potassium and magnesium were determined using an ICP-OES spectrophotometer following extraction of 5 g of soil in ammonium acetate. Phosphorous was determined by extraction of 5 g of soil in NaHCO 3 and colorimetric analysis using a UV-VIS spectrophotometer.
PLANT BIOMASS ESTIMATION AND CO 2 FLUX MEASUREMENTS IN THE FIELD
Aboveground plant biomass was determined by clipping the vegetation just above the soil surface from a 10 cm ‫ן‬ 10 cm area in each of the plots. The vegetation samples were sorted into living and dead leaf material and oven-dried at 60 ЊC. The belowground biomass was determined in a 5 cm ‫ן‬ 5 cm area in each plot down to 20 cm depth; roots were separated from the mineral soil, washed, and oven-dried at 60 ЊC. Standing litter at the end of the growing season was determined at the October sampling occasion.
Ecosystem CO 2 fluxes were measured in the field on two occasions at contrasting phenological stages of the vegetation to provide background information for the laboratory incubation experiment (note that the aim was not to quantify the ecosystem C balance) and explore differences in the CO 2 exchange between cattle-and sheep-grazed areas. The CO 2 fluxes estimated in June are expected to reflect the period of maximum GEP, the October data illustrates CO 2 fluxes at senescence and coincided temporally with the soil sampling for the incubation experiment (see below). CO 2 fluxes were measured with custom-built cuvettes (30 cm diameter, 12 L volume) clamped to steel rings inserted into the soil, and each attached to an EGM-4 Infra Red Gas Analyzer using an open dynamic system (IRGA; PP Systems, Hitchin, U.K.; see Sjögersten et al., 2006, for details) . Measurements were carried out between 10:00 h and 18:00 h over two and three days in June and October, respectively, reflecting a range of light and temperature conditions. Both net ecosystem exchange (NEE) and ecosystem respiration (R e ) were measured on each plot in the following sequence: the system was allowed to equilibrate for 5 min, NEE data was collected for 10 min, a hood was placed over the cuvette to exclude light and stop photosynthesis, the system was allowed 5 min to equilibrate, and then R e was measured for 10 min. To obtain an estimation of gross ecosystem photosynthesis (GEP), the mean plot R e fluxes were subtracted from the mean plot NEE fluxes for each measurement period. Negative CO 2 flux values indicate uptake of CO 2 from the atmosphere. Photosynthetically active radiation (PAR), evaporation rates, and air temperature were recorded simultaneously.
TEMPERATURE AND MOISTURE INCUBATIONS
Nine turf samples of 10 cm ‫ן‬ 30 cm were taken to 10 cm depth from each of the sampling plots after the CO 2 flux measurement were finished from each of the cattle-and sheep-grazed areas in October (i.e., 18 turf samples in total). In the laboratory these were split into 6 pieces (10 cm ‫ן‬ 4 cm ‫ן‬ 5 cm) and randomly allocated among treatments. The remaining sample was used for moisture determinations. The experimental temperature and moisture conditions were chosen to reflect summer climate warming prediction for the area under a range of naturally occurring moisture conditions. The treatments included three moisture levels, 20, 40, and 80% soil moisture content on a dry weight basis and two temperature treatments, ambient growing season temperatures (10 ЊC) and the climate change predictions for the area by 2090 (15 ЊC) (Lopez-Moreno et al., 2008) in a fully factorial design. The moisture levels were based on the minimum moisture levels (ca. 20%) recorded in mountain soils in the area during the summer of 2008 (Nuria Altimir, personal communication), the moisture content at sampling in October 2008 (ca. 40%), and the approximate moisture content in the field in June 2008 (ca. 80%), reflecting the range of moisture conditions occurring naturally in the area. The gravimetric moisture content of each sample was determined for each turf sample and moisture levels were adjusted to 20, 40, and 80% by either addition of deionized water or by allowing the turf samples to dry out until the required moisture level was reached. The senescing vegetation was left on the turf samples to minimize disturbance.
The turf samples were allowed to equilibrate for one week after the application of the treatment, thereafter an initial sampling was carried out (in November 2008) to assess the C fluxes at the start of the experiment. The samples were then incubated at the two temperatures for three months after which a final sampling (in February 2009) was carried out to test how the treatments impacted on CO 2 and CH 4 fluxes over the incubation period.
CO 2 and CH 4 fluxes from the turf samples were measured using 1.5 L air tight Kilner jars with suba seals fitted as sampling ports. Two samples were collected; first an initial air sample was taken followed by a further air sample taken after 30 min. Mixing SOFIE SJÖ GERSTEN ET AL. / 241 of the air was ensured at each sampling time. The 30 min sampling interval was chosen after initial testing had shown a linear response of the gas concentrations for both CO 2 and CH 4 over this time period. The samples were kept in the dark throughout the experiment. Air samples were analyzed on a gas chromatograph (Shimadzu, Milton Keynes, U.K.) with a 1 mL sample loop and a molecular sieve column. Concentrations of CH 4 and CO 2 were determined using a flame ionization detector and a thermal conductivity detector, respectively.
DATA ANALYSIS
Data were analyzed statistically using Genstat v. 11 (http:// www.vsn.com). The field data (i.e. biomass and CO 2 fluxes) were analyzed in a mixed model using residual maximum likelihood (REML) to estimate the partitioning of the variance. In the mixed model we used grazing regime as the fixed effect and plot as the random effect. The repeated measures term was modeled using auto regression (1) allowing for heterogeneity over time. The results from the laboratory-based climate change experiment were analyzed using analysis of variance (ANOVA). In the ANOVA we used dominant herbivore (i.e. the two different areas), temperature, and moisture as fixed effects and plot as a block effect in the model. Throughout the text we reported means ‫ע‬ standard error (SE).
Results
PLANT BIOMASS
The standing plant biomass and litter did not differ significantly between cattle-and sheep-grazed areas (F 1,15 ‫ס‬ 0.01, P Ͼ 0.05; and F 1,16 ‫ס‬ 2.21, P Ͼ 0.05, respectively) ( Table 1 ). The belowground biomass was substantially greater than the aboveground biomass (df ‫ס‬ 5, t ‫ס‬ ‫,32.6מ‬ P Ͻ 0.01) and the shoot to root ratios were 0.044 ‫ע‬ 0.004 and 0.008 ‫ע‬ 0.034 in cattle-and sheep-grazed areas, respectively. There was no relationship between above-and belowground biomass at either of the sites.
TABLE 1
Plant and litter biomass in cattle-and sheep-grazed areas measured in June (n 3) and October (n 9). Mean and ؓSE are shown. 
Month
SOIL MOISTURE AND TEMPERATURE
Soil moisture content at the sampling occasions was comparable between cattle-and sheep-grazed areas, i.e. no significant site differences were found between areas either in June (F 1,4 ‫ס‬ 0.01, P Ͼ 0.05) or in October (F 1,14 ‫ס‬ 0.45, P Ͼ 0.05). In June soil moisture content was on average 81.6 ‫ע‬ 10.3 and 82.6 ‫ע‬ 1.9% in cattle-and sheep-grazed areas, respectively. In October soils were considerably drier than in June, 44.2 ‫ע‬ 1.8 and 47.5 ‫ע‬ 3.1%, respectively.
Similarly, soil temperature did not differ significantly (F 1,15 ‫ס‬ 1.21, P Ͼ 0.05) between cattle-and sheep-grazed areas. Soil temperature at 5 cm depth was 11.4 ‫ע‬ 0.5 and 10.9 ‫ע‬ 0.2 ЊC in cattle and sheep grazed areas in June and 11.7 ‫ע‬ 0.4 and 11.2 ‫ע‬ 0.7 ЊC in October, respectively.
SOIL CHEMISTRY
Soil organic matter (SOM) content was quite high in the surface soils and did not differ substantially between cattle-(117 mg g ‫1מ‬ ) and sheep-(134 mg g ‫1מ‬ ) grazed areas ( Table 2 ). The soil C-to-N ratio in the soil surface was 12.2 and 13.2 in cattle-and sheep-grazed areas, respectively. The soils were slightly acidic, with slightly higher pH in the cattle-grazed areas, and had generally low P and K availability (Table 2) .
FIELD CO 2 FLUXES
Both R e (F 1,16 ‫ס‬ 5.16, P Ͻ 0.05) and GEP (F 1,15 ‫ס‬ 4.97, P Ͻ 0.05) were significantly greater in cattle-than in sheep-grazed areas (Fig 1) after the models had been corrected for PAR (F 1,9 ‫ס‬ 20.07, P ‫ס‬ 0.001) and air temperature (F 1,8 ‫ס‬ 9.74, P Ͻ 0.05), respectively (Fig. 2, Parts b and c) . The aboveground plant biomass did not significantly contribute to the model either for R e or GEP, hence the significant effect of grazing regime on R e and GEP cannot be attributed to aboveground biomass. As both R e and GEP were greater at the cattle-grazed site, NEE did not differ significantly between areas grazed by cattle or sheep (F 1,13 ‫ס‬ 0.82, P Ͼ 0.05) (Fig. 1) . In June, the grassland ranged from moderate uptake of CO 2 in some plots to being close to a balance in others, ‫7.0מ‬ ‫ע‬ 0.8 and ‫20.0מ‬ ‫ע‬ 0.6 mol CO 2 m ‫2מ‬ s ‫1מ‬ , in cattle-and sheepgrazed areas, respectively. In October the area was a net source of CO 2 , 0.5 ‫ע‬ 0.9 and 1.1 ‫ע‬ 0.3 mol CO 2 m ‫2מ‬ s ‫1מ‬ , in cattle-and in sheep-grazed areas, respectively. There was a negative relationship between NEE and biomass in June accounting for 63.1% of the (Fig. 2 , Part a) with greater CO 2 uptake in plots with higher biomass, but this pattern did not persist into autumn, i.e. October sampling (F 1,16 ‫ס‬ 0.09, P Ͼ 0.05). The relationship between NEE and biomass in June was not driven directly by either GEP or R e but by a balance between the two; there was no significant relationship between biomass and GEP in either June (F 1,4 ‫ס‬ 2.60, P Ͼ 0.05) or October (F 1,16 ‫ס‬ 0.19, P Ͼ 0.05). Similarly, there was no significant relationship between R e and biomass in June (F 1,4 ‫ס‬ 1.25, P Ͼ 0.05) or October (F 1,16 ‫ס‬ 0.68, P Ͼ 0.05). There was no significant relationship between belowground biomass and NEE, R e , or GEP (F 1,4 ‫ס‬ 1.79, P Ͼ 0.05; F 1,4 ‫ס‬ 1.40, P Ͼ 0.05; F 1,4 ‫ס‬ 1.90, P Ͼ 0.05, for NEE, R e , or GEP, respectively). Furthermore, there was no relationship between any of the soil chemistry parameters (Table 2 ) and NEE, R e , or GEP (P Ͼ 0.3 in all cases).
TEMPERATURE AND MOISTURE INCUBATIONS
Similarly as for the field measurements of R e , there was a tendency of higher CO 2 effluxes in the incubation experiment from the cattle-grazed areas than from sheep-grazed areas (F 1,16 ‫ס‬ 3.12, P ‫ס‬ 0.09). Higher moisture content and temperatures generally increased the CO 2 efflux during the initial sampling occasion, F 1,60 ‫ס‬ 6.79, P Ͻ 0.05; and F 2,60 ‫ס‬ 6.71, P Ͻ 0.05 for temperature and moisture, respectively (Fig. 3 , Parts a and c). After three months incubation only the moisture effect remained significant (F 2,73 ‫ס‬ 42.31, P Ͻ 0.001; Fig. 3, Parts b and d) . A positive interaction between the temperature and moisture treatments at both sampling periods clearly demonstrates that increases in temperature have a strong impact on CO 2 efflux only when moisture levels are relatively high (F 2,60 ‫ס‬ 6.12, P Ͻ 0.05 and F 2,73 ‫ס‬ 3.03, P Ͻ 0.05 at the initial and three month sampling, respectively). The elevated temperature under the 80% soil moisture treatment increased the CO 2 efflux by 250 and 110% at the initial sampling, and 590 and 320% after three month incubation in cattle-and sheep-grazed areas, respectively. The temperature treatment on its own did not have a strong impact on the CO 2 efflux.
The incubation experiment also showed that these upland soils were net sinks of methane (Fig. 4) . Methane fluxes were significantly altered only by the moisture treatments, F 2,77 ‫ס‬ 2.56, P Ͻ 0.05 and F 2,80 ‫ס‬ 13.87, P Ͻ 0.001, for the initial and after three month incubation sampling occasions, respectively. The highest uptake rates of methane occurred at the intermediate moisture level (i.e. 40% soil moisture content, close to field conditions), with the methane uptake rates being lower under drier and wetter soil conditions. Methane uptake rates did not differ significantly between cattle-and sheep-grazed areas.
Discussion
There was a general trend for greater GEP, R e , and R s rates in cattle-grazed than in sheep-grazed areas suggesting that the activity of the vegetation and the microbial community was stimulated at the cattle-grazed site. Since there were no significant differences in either soil temperature and moisture or soil C or nutrient status between cattle-and sheep-grazed areas, we speculate that the increased GEP, R e , and R s in cattle-grazed areas may be driven by changes in the nutrient cycling resulting from the shift in herbivore type driven by (i) changes in the species composition and their decomposition rate and hence nutrient availability, and/or (ii) greater input of feces and trampling caused by cattle (Bardgett, 1998; Güsewell et al., 2003; Olofsson et al., 2004; Vendramini et al., 2007) . Alternatively, the greater C turnover found in the cattlegrazed area might also be driven by the shifts in plant species composition resulting from the change from sheep to cattle grazing (Sebastià et al., 2008a) . Given that both GEP and Re were increased in the cattle-grazed area, there was no net difference in NEE of CO 2 between the two areas.
Our incubation study demonstrates that although increased temperature enhanced CO 2 efflux from soils incubated at high moisture levels, this was not the case under the low moisture situation (which reflects both the drier soil conditions during summer (Nuria Altimir, personal communication) (Lopez-Moreno et al., 2008) . This suggests that climate warming and increased drought (Lopez-Moreno et al., 2008) during the summer is likely to reduce CO 2 losses from soils in subalpine grasslands in the eastern Pyrenees, and that soil moisture will provide a strong control of the impact of temperature on soil respiration as discussed by Sjögersten and Wookey (2002a) and Borken and Matzner (2008) . Given the naturally occurring variation in moisture in the region, we suggest that the greatest increases in soil respiration in response to climate change in these ecosystems are likely to occur during periods of high soil moisture, e.g. spring and autumn. The impact of temperature appeared to be more transient than that of soil moisture, i.e. the effect of the elevated temperature treatment on soil respiration rates had diminished at the end of the incubation period (three months) whilst higher moisture still resulted in elevated CO 2 efflux. Conant et al. (2008) also found reduced effects of elevated temperature on soil respiration with time as labile C in a grassland soil was consumed but the lower CO 2 efflux at higher temperature may also be related to reduced root inputs over the three months (Bahn et al., 2006 (Bahn et al., , 2008 . Clearly vegetation responses to changes in temperature and moisture conditions need to be considered in parallel with soil responses before any conclusions on the overall impacts of climate change on the ecosystem C balance on these subalpine grasslands; indeed, elevated temperature has been found to enhance NPP at least in the short term (Sebastià, 2007) .
We found no differences in CH 4 oxidation between sheepand cattle-grazed areas, suggesting that the current change in land use in the area is not impacting on the CH 4 oxidation. However, grazing has been shown to increase CH 4 oxidation rates in situations where high grazing pressure leads to soil degradation and SOFIE SJÖ GERSTEN ET AL. / 245 drier soil conditions (Wang et al., 2010) . Levels of CH 4 oxidation similar to those we found after three months in the lowest moisture treatment were found in native grassland soils at similar moisture levels (1.1 ng CH 4 g ‫1מ‬ hr ‫1מ‬ ; Dijkstra et al., 2010) ; Jacinthe and Lal, 2005) . In our study, soil moisture was a strong driver also of methane oxidation rates. The greatest methane oxidation rates were found at intermediate soil moisture levels (40%) where the methanotrophic bacteria are not limited by moisture deficit and the diffusion of air into the soil is not severely reduced by water in the soil pores (Saari et al., 2004a; Holst et al., 2008; Menyailo et al., 2008; Wang et al., 2010) . The increased drought predicted in the area (Lopez-Moreno et al., 2008) might therefore reduce the methane sink strength in these soils. The substantial drop in methane oxidation rates (by several orders of magnitude) over the three month incubation period is interesting as it suggests that the activity of the vegetation is important for maintaining methanotrophic activity in these soils, possibly through inputs of labile carbon into the soil (Goldman et al., 1995) or plant uptake of NH 4 ‫ם‬ , since NH 4 ‫ם‬ in the soil can inhibit CH 4 oxidation (Smith et al., 2000; Saari et al., 2004b) .
Conclusions
Our results suggest that the current change in land management from sheep to cattle grazing has limited effects on net CO 2 and CH 4 fluxes. However, cattle grazing appeared to increase the turnover of CO 2 , with potential implications for ecosystem C storage in the longer term. Our findings suggest that the climate warming predicted in the Pyrenees will be a stronger driver of C fluxes than the current changes in grazing practice, indeed drier soil conditions may reduce CO 2 losses from the soil system due to moisture deficit as well as reducing the CH 4 sink strength in soils.
